The change in chemical and biological properties of neural stem cells (NSCs) before and after differentiating into neurons and glial cells has been well studied. However, there is lack of knowledge on the relationship between cell differentiation and alteration of cell mechanical features. Mechanical properties can reflect specific changes that occur with biochemical and cytological changes. Here, we present a robotic micromanipulation system for measuring the mechanical properties of single cells. This system consists of a suction micropipette, a robotic micromanipulator and an inverted microscope. A pneumatic micropipette aspiration method is utilized to measure the elastic properties of the cells. We found that the mechanical properties of NSCs belong to the solid state, however, neurons and glial cells are close to the liquid state. Further, NSCs are harder than neurons and glial cells.
NEURAL stem cells (NSCs) isolated from embryonic culture as neurospheres can differentiate into neurons, astrocytes and oligodendrocytes 1 . NSCs and neurally differentiated cells are good models for studying cellular mechanism for the treatment of nervous system diseases 2, 3 , such as spinal cord injury 4,5 , Parkinson's disease 6, 7 and Alzheimer's disease 8, 9 . At present, there is lack of data on the mechanical features of NSCs because the current research is focused on biochemical 10 and electrophysiological aspects 11 . Mechanical properties of single cells reflect specific changes along with differentiation 12 . Research on living cell mechanics helps explore cell structure and function [13] [14] [15] , probe the mechanism of developmental process of embryos 16 and investigate disease mechanisms and progression 17 . Therefore, it has received a lot of attention in the past few years. Recently, the mechanical properties of adipose-derived mesenchymal stem cells (MSCs) were found to be correlated with their abilities to produce tissue-specific metabolites 18 . From this work, a series of mechanical parameters obtained using the atomic force microscope (AFM) have been proved to be mechanical biomarkers for different MSC types.
The traditional devices for measuring the mechanical properties of cells include the AFM 19, 20 , optical trap (laser tweezers) 21, 22 , plane and micropipette equipped micro-force sensor 23, 24 , microfluidic devices [25] [26] [27] and suction micropipette 28, 29 . Among them, the suction aspirated micropipette has a significantly wider pressure range, a relatively shorter operating time, and advantages that are independent of special or expensive equipment, hence, it has been widely used in such studies. In this method, a suction micropipette is controlled to contact a cell and a negative pressure is applied to deform it, elongating a portion of the cell into the micropipette. The cell deformation images are recorded using a camera and the cell mechanical parameters are derived through the relationship between cell deformation and the negative pressure.
In the micropipette aspiration process, negative pressure is applied by a liquid fluid reservoir which creates fine pressure steps through precise control of height of the liquid in the reservoir 28 . However, as evaporation of liquid in the reservoir continues, the liquid level in the reservoir usually drops and causes a drift of negative exerted pressure. This requires the operator to frequently adjust the height of the manipulator which increases the operation challenge and potentially reduces the precise derived results. This disadvantage can be eliminated by replacing the device with a pneumatic-driven injection. However, the negative pressure generated by the equipped vacuum generator is susceptible to fluctuations, and it is difficult to keep the negative pressure in a suitable state required by suction of cells. Further, the capillary effect between the micropipette and the injection micropipette (IM) has a significant effect on the suction pressure during micropipette aspiration.
The aim of this study is to introduce a method to measure the mechanical properties of NSCs using a commercially available pneumatic-driven injector. With this approach, we can observe the differentiation of NSCs in a simple, accurate and cost-effective manner. During the suction process, the system provides positive pressure that can be more precisely controlled than negative pressure to neutralize the capillary action effect and produce a small negative pressure on the NSCs. The magnitude of the imposed negative pressure on the cells is calculated according to the balanced pressure model.
NSCs were isolated and purified from E18 SD rat hippocampus and propagated as previously described 30 . Briefly, the tissue was mechanically dissociated and cultured in DMEM/F12 medium (Hyclone, USA) supplemented with 2% B27 (Gibco-Invitrogen), 2 mM Lglutamine (Sigma-Aldrich), 1% penicillin/streptomycin (Gibco-Invitrogen), 20 ng/ml epidermal growth factor (Sigma-Aldrich), and 20 ng/ml fibroblast growth factor-2 (Sigma-Aldrich). Half of the medium was replaced with fresh culture medium every 3-4 days. The generated neurospheres were passaged via mechanical dissociation through scratching with a plastic pipette tip. All animal procedures were carried out in accordance with animaluse protocols approved by the Nankai University Animal Care and Use Committee, China.
For serum-induction experiments, passages 3 neurospheres were mechanical dissociated through scratching with a plastic pipette tip and plated into DMEM/F12 medium containing 2% B27, 2 mM L-glutamine, 1% penicillin/streptomycin and 10% of foetal bovine serum (FBS). Under this condition, NSCs can differentiate into mixed line of neurons, astrocytes and oligodendrocytes. Cells were cultured for five days before being processed for imaging, immunocytochemical and micropipette aspiration analysis.
For immunofluorescence staining of NSCs, cells were washed with PBS, fixed with 4% paraformaldehyde at room temperature for 30 min and permeabilized with 0.2% Triton X-100 (TPBS) for 5 min. The cells were then blocked using 5% (v/v) goat serum for 60 min before incubation with primary antibodies overnight at 4C: nestin (boster, BA1289, 1 : 1000), GFAP (boster, BA0056, 1 : 1000), MAP2 (boster, BM1243, 1 : 1000). After primary antibody incubation, secondary antibodies were incubated for 60 min, followed by 4,6-diamidino-2-phenylindole (DAPI) staining. Samples were examined with fluorescent microscopy (Nikon Ti-U, Japan). For each sample, three images at 10 and 20 magnification were taken at random locations from the slides.
The micropipette aspiration system consists of the following parts ( Figure 1 ): an inverted microscope (CK-40, Olympus), a CCD camera (W-V-460, Panasonic) for microscope image gathering at the speed of 30 frames/s, an in-house developed micro-injector supplying suction pressure with a resolution of 10 Pa, a pair of in-house developed X-Y-Z micromanipulators (with travel range of 50 mm, maximum speed of 2 mm/s and repeatability of 1 m) for mounting micropipettes, a X-Y microplatform (with travel range of 100 mm, maximum speed of 2 mm/s and repeatability of 1 m) for positioning the petri dish, and a host computer for controlling the above devices, processing and displaying microscope images 31, 32 . The micropipettes used in the experiments were made from borosilicate glass tubes with an outer diameter of 1 mm and inner diameter of 0.8 mm. The tubes were prepared using a micropipette puller (MODEL P-97 Sutter Instrument) to form long, tiny tips. Then the tips were fractured by a micro-forge (MF-900, NARISHIGE, Japan) to obtain the required diameter (about 10 m). Further, they were melted on the micro-forge to make the opening smooth and the micropipette was bent by 45 using the micro-forge and mounted on the manipulators, positioning the tip of IM horizontally.
A droplet of trypsin and two droplets of culture medium were placed in the petri dish separately and covered by paraffin (Figure 1 c) . Trypsin droplets were used to clean the micropipette to keep the inner surface of the micropipette smooth and ensure the suction operation. The culture medium was used to locate cells and perform micropipette aspiration, as well as for dissolving and removing trypsin when the micropipette was moved back from the trypsin droplet.
When the micropipette is moved into the culture medium, liquid gets filled into it, and cells can be drawn into the micropipette without any other suction pressure; this makes the pneumatic micropipette aspiration operation a difficult one. However, if a positive pressure is applied by the pump to balance the capillary effect, the aspiration pressure at the opening of the micropipette may be controlled quantitatively through accurately changing the positive pressure. Based on this principle, a method to measure mechanical properties of NSCs using a pneumatic micropipette is proposed.
As shown in Figure 2 , the gas-liquid interface (GLI) in the micropipette can be maintained in a balanced state by imposing a positive pressure P I . Then, by decreasing the positive pressure, part of the cell surface can be pulled into the micropipette and a seal will be formed between the cell and the micropipette. At this moment, GLI is still in an equilibrium state. The forces exerted on it, including the surface tension force f and positive pressure P I , maintain balance according to
where R 1 is the inner radius of the micropipette. In eq. (1), the surface tension force f, generated by the capillary effect can be derived according to 1 
where  is the surface tension coefficient of the culture medium and  is the contacting angle at the GLI. Combining eqs (1) and (2), P I can be derived as
Decreasing P I to P I -P I , an aspiration pressure P is generated. According to eq. (3), P can be derived as
where   and 1 R are the contacting angle and inner radius of the micropipette at the new position of GLI respectively. We observe that the contacting angle and inner radius of the micropipette at the position of GLI are basically kept constant during micropipette aspiration for NSCs. Hence, P can only be determined by the variation of P I , which means
NSCs have very thin cell membranes surrounding their cytoplasm. According to the shell model of the cell, the cytoplasm with different mechanical properties surrounded by the cell membrane can be considered as a solid or a liquid surrounded by the membrane 28 . The mechanical properties of the solid or liquid-like cells are significantly different. As shown in Figure 2 c, when a negative pressure is exerted on the cell, it will form a projection with length L P in the micropipette. The response of the solid or liquid-like cells to the aspiration pressure is similar until L P is equal to R p . A further increase of aspiration pressure causes a liquid-like cell to flow completely into the micropipette, whereas for the solid cell, L P increases linearly with increase in the aspiration pressure 28 . Figure 3 shows the procedure for micropipette aspiration experiments on NSCs. First, the micropipette moves down to the culture medium and liquid enters into it under capillary action (Figure 3 a) . Thereafter, a positive injection pressure is applied to push most of the liquid out of the micropipette (Figure 3 b) . Next, the micropipette moves close to a cell and the positive pressure is reduced to pull the cell membrane into the micropipette and form a seal (Figure 3 c) . In addition, the positive pressure is gradually reduced and microscope images of the suction process are captured (Figure 3 d) .
During micropipette aspiration process, the projection length of the cell L P is derived through the distance between the opening of the micropipette and the rightmost point of the cell surface, both of which are inputted to the system using a computer. The aspiration pressure P is derived from the variation of positive pressure P I . In order to improve the control solution of P, P I is determined through the open size of the adjusting valve of the pump, which can provide a solution about 0.3 Pa.
The differentiation of rat neural stem cells in different culture media was examined by immunohistochemistry. Lineage-specific differentiation was monitored with markers of NSCs (nestin), astrocytes (GFAP) and neurons (MAP2). After five days of culture, undifferentiated NSCs formed neurospheres in serum-free medium. These cells showed nest-positive, GFAP-negative and MAP2-negative (Figure 4 a-c ). There were very few differentiated cells in the neurospheres (Supplementary Figure 1) . However, after five days of FBS induction, NSCs differentiated into GFAP-positive astrocytes or MAP2-positive neurons ( Figure 4 d-i) .
According to the derived L P and P during the aspiration process, Figure 5 shows the relationship between L P /R P and P of the cells before differentiation (BD) and after differentiation (AD). Figure 5 a, video S1 and video S2 (see Supplementary file online) show the aspiration process under different P values. It can be easily seen that whether L P /R P < 1 or L P /R P > 1, here L P /R P increases linearly with ΔP for the cells before differentiation, which means the BD cells behave in a solid state. On the contrary, for the cells after differentiation, when L P /R P < 1, L P /R P and P show a linear relationship. When L P /R P > 1, the cells flow into the micropipette quickly without any increase in P. The results show that, the AD cells behave in a liquid state. According to the slope between L P /R P and P, when L P /R P < 1, the cells become softer after differentiation.
Cell differentiation involves a wide variety of structural reorganization within the nucleus, including chromatin condensation and nucleoprotein immobilization 33, 34 . The alteration of gene expression and protein abundance leads to changes in cytoskeletal structure and architecture 35 . One possible mechanism by which embryonic stem cells become softer with differentiation is the change in cell nuclear stiffness 33 . Stem cells may have similar properties, so we speculate that mechanisms of mechanical changes in NSCs may be similar to embryonic stem cells.
We have developed a robotic micromanipulation approach for measuring cell mechanical properties based on single-cell suction micropipette system. This system uses a pneumatic aspiration method to quantify the aspiration pressure and measure the cell mechanical properties. It consists of a commercial pneumatic driven injector, traditional microscope and manipulators. To obtain neurally differentiated cells, NSCs were cultured in FBS-treated medium. According to the captured microscopic images and the recorded pressures, we obtained the mechanical properties of NSCs before and after differentiation. The data demonstrate that after NSCs differentiate into neurons or glial cells, the Young's modulus decreases. The molecular aspects regarding change in mechanical properties merit further studies for biological applications. Thus, based on the present study, we can observe the differentiation of NSCs without immunocytochemistry in the future.
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